Influx in Airway Smooth Muscle
Christina M. Pabelick VOLATILE anesthetic-induced bronchodilation involves a reduction in intracellular Ca 2ϩ ([Ca 2ϩ ] i ) that is key to development and maintenance of force in airway smooth muscle (ASM) cells. [1] [2] [3] [4] [5] These effects of anesthetics are partly attributable to an inhibition of Ca 2ϩ influx via L-type Ca 2ϩ channels. [5] [6] [7] We 1,2 and others 8 have shown that anesthetics also deplete Ca 2ϩ stores of the sarcoplasmic reticulum (SR) by increasing Ca 2ϩ "leakage." Such anesthetic-induced SR Ca 2ϩ leak occurs via both inositol 1,4,5-trisphosphate or ryanodine receptor (RyR) channels. 2 
[Ca 2ϩ
] i regulation in ASM is mediated by both extracellular Ca 2ϩ influx and SR Ca 2ϩ release. Both inositol 1,4,5-trisphosphate receptor 9 and RyR 10 channels play important roles in ASM Ca 2ϩ regulation. Ca 2ϩ influx occurs through both voltage-gated 11 and receptor-gated channels. 12 There is now considerable evidence from a variety of cell types that controlled Ca 2ϩ influx through store-operated Ca 2ϩ channels (SOCC; also termed capacitative Ca 2ϩ entry) occurs in response to SR Ca 2ϩ depletion, thus allowing for replenishment of intracellular Ca 2ϩ stores. [13] [14] [15] [16] Such influx does not occur through either L-type or receptor operated channels. 13 There is now considerable evidence for SOCC in vascular 13, [17] [18] [19] [20] and other smooth muscle types. 21 Previous studies suggested that SOCC-mediated Ca 2ϩ influx is restricted to the replenishment of inositol 1,4,5-trisphosphate-sensitive Ca 2ϩ stores. 13, 22 Recent studies in tissues other than ASM have suggested that Ca 2ϩ release through RyR channels may also trigger SOCC. 21, 23 The role of SOCC in ASM had been suggested by experiments in guinea pigs based on comparisons of contractions induced by agonists versus inhibitors of the SR Ca 2ϩ adenosine triphosphatase. 24 Furthermore, SR Ca 2ϩ adenosine triphosphatase inhibitors have been shown to increase [Ca 2ϩ ] i in human bronchioles and bovine ASM, suggesting the involvement of SOCC. 25 However, characterization of SOCC-mediated Ca 2ϩ influx in ASM is relatively lacking.
Volatile anesthetic-induced SR Ca 2ϩ leak (and eventual depletion) may be expected to trigger SOCC-mediated Ca 2ϩ influx in ASM cells. However, we hypothesize that volatile anesthetics will also inhibit such influx, thus accentuating the state of SR depletion.
Materials and Methods

Cell Preparation
Details of the ASM cell preparation technique have been previously described. 10, 26 Porcine tracheae were obtained from a local abattoir. The smooth muscle layer was excised, minced in Hanks' balanced salt solution (HBSS) with 10 mM HEPES (pH 7.4; Invitrogen, Carlsbad, CA), and then incubated first for 2 h with 20 U/ml papain and 2000 U/ml DNase (Worthington Biochemical Corp., Lakewood, NJ) and subsequently for 1 h at 37°C with 1 mg/ml type intravenous collagenase (Worthington). The sample was triturated, centrifuged, and resuspended in minimum essential medium with 10% fetal calf serum. Isolated cells were plated on collagen-coated glass coverslips, and incubated for 1 h in 5% CO 2 at 37°C. 
Real-Time Confocal Imaging
Administration of Volatile Anesthetics
As previously described, 2 calibrated online vaporizers were used to add halothane (Wyeth-Ayerst Laboratories, Philadelphia, PA), isoflurane, and sevoflurane (Abbott Laboratories, Deerfield, IL) to the aerating gas mixture. Aqueous anesthetic concentrations equivalent to 1 and 2 adult porcine minimum alveolar concentration (MAC) at room temperature (25°C) were determined for halothane and isoflurane by gas chromatography and electron capture detector (Hewlett-Packard 5880A; Hewlett-Packard, Sunnyvale, CA) and for sevoflurane by a flame ionization detector. Concentrations were halothane 1 MAC 0.35 Ϯ 0.09 mM, 2 MAC 0.53 Ϯ 0.10 mM, isoflurane 1 MAC 0.4 Ϯ 0.09 mM, 2 MAC 0.6 Ϯ 0.11 mM, and sevoflurane 1 MAC 0.50 Ϯ 0.10 mM, 2 MAC 0.68 Ϯ 0.10 mM. ] i response was observed (slow development of plateau with CPA or a transient with caffeine), the cells were exposed for 1 min to 1 or 2 MAC halothane, isoflurane, or sevoflurane in the continued presence of CPA or caffeine. This technique ensured that the anesthetics did not influence the SR Ca 2ϩ release process itself, but were present in sufficient concentration before activation of SOCC. In the continued presence of CPA (or caffeine), and anesthetic, [Ca 2ϩ ] o was rapidly reintroduced and the [Ca 2ϩ ] i response was recorded. In control experiments, the SOCC protocol was performed twice without anesthetic, with an intervening wash in HBSS.
Store-Operated
Interactions Between Acetylcholine and Volatile
Anesthetic Effects on Store-Operated Ca 2ϩ Influx As above, SOCC in ASM cells was first established by performing a control protocol using CPA or caffeine in the presence of nifedipine and KCl. Cells were then washed in HBSS. [Ca 2ϩ ] o was removed, nifedipine and KCl were added, and SR Ca 2ϩ release was induced by CPA or caffeine. In the continued presence of CPA or caffeine, the cells were exposed to 10 nM, 100 nM, or 1 M acetylcholine (Ach) for 2 min. This ensured activation of muscarinic receptors occurred after SR Ca 2ϩ release had already occurred. Activation of muscarinic receptors occurred with both protocols; however, in the case of CPA, SR Ca 2ϩ depletion is passive, whereas for caffeine, complete release through RyR channels occurs, although inositol 1,4,5-trisphosphate-induced release is dependent on ACh concentration. In the continued presence of CPA (or caffeine) and ACh, [Ca 2ϩ ] o was rapidly reintroduced to activated SOCC. Cells were then washed for a second time, and [Ca 2ϩ ] o removed (with addition of nifedipine and KCl). After CPA or caffeine exposure, ACh was added as above and after 1 min, cells were exposed to 1 or 2 MAC halothane, isoflurane, or sevoflurane for an additional 1 min. This ensured that muscarinic activation occurred before anesthetic exposure and that confounding effects of anesthetic interactions with the receptor itself were avoided. [Ca 2ϩ ] o was then rapidly reintroduced. In control protocols, after a control SOCC activation, the ACh protocol was performed twice, without anesthetic.
Statistical Analysis
For each ASM cell, comparisons before and after exposure to a drug were made using paired Student t test. Repeated measures analysis of variance was used for multiple comparisons with post hoc Bonferroni and Sheffé F tests. All experimental protocols were not performed in the same cells. Results were replicated in at least 3-5 cells obtained from each of five animals (paired comparisons within cells, independent testing across cells). Statistical significance was tested at P Ͻ 0.05. Values are reported as mean Ϯ SD. ] i ranging from 110 to 386 nM (compared to a peak caffeine response ranging from 455 to 890 nM, the influx response was ‫%52ف‬ of the caffeine peak). The influx observed with reintroduction of [Ca 2ϩ ] o after caffeine exposure was significantly smaller than that after CPA exposure (P Ͻ 0.05). , at least in tissues other than ASM. After control activation of SOCC with CPA (n ϭ 10) or caffeine (n ϭ 10), and HBSS wash, ASM cells were exposed to nifedipine, KCl and 1 M NiCl 2 exchanger may not play a major role in most smooth muscle types, expression of this protein has been found in ASM. 27 When operating in the "reverse" or influx mode, the exchanger can bring Ca 2ϩ intracellularly, in exchange for Na ϩ . After control SOCC activation with CPA (n ϭ 11) or caffeine (n ϭ 11) and HBSS wash, ASM cells were exposed to nifedipine, KCl, and 10 M SKF-96365 or KBR7943 in HBSS. The SOCC protocol was then repeated in the continued presence of these agents. In 90% of cells, SKF-96365 inhibited SOCC-mediated Table 1 ). In contrast, in other controls where the ACh protocol was repeated, there was ‫%7-5ف‬ decrease in the Ca 2ϩ influx upon repetition (not shown).
Results
Establishment of
Characterization of Store-Operated
Effect of Volatile Anesthetics on Store-Operated Ca 2ϩ Influx
In ASM cells where SOCC-mediated Ca 2ϩ influx was first established, repetition of the protocol (CPA or caffeine) resulted in a 5-8% decrease in the observed Ca 2ϩ influx (rundown control). In contrast, exposure to halothane, isoflurane, or sevoflurane all resulted in significant decreases in the extent of Ca 2ϩ influx after reintroduction of [Ca 2ϩ ] o (P Ͻ 0.05 compared to control for each anesthetic at 1 or 2 MAC, both same cell and rundown control; fig. 2 ). For halothane and isoflurane, the effects at 1 MAC were significantly less than at 2 MAC, whereas for sevoflurane, the effects were comparable between 1 and 2 MAC. Among the three anesthetics, sevoflurane caused the least inhibition. At 2 MAC, halothane and isoflurane produced comparable inhibition ( fig. 2) . Be- tween the CPA and caffeine protocols, for each volatile anesthetic, the effect on Ca 2ϩ influx was significantly greater for CPA compared to caffeine (P Ͻ 0.05).
Interaction Between ACh and Volatile Anesthetic Effects on Store-Operated Ca
2ϩ Influx In ASM cells in which both SOCC-mediated Ca 2ϩ influx and an ACh-induced augmentation of influx were first established using the CPA or caffeine protocols, exposure to halothane and isoflurane, but not sevoflurane, resulted in significant decreases in the Ca 2ϩ influx after reintroduction of [Ca 2ϩ ] o (P Ͻ 0.05 compared to both same cell and ACh rundown control for 1 or 2 MAC; fig.  3 ). Compared to anesthetic effects on Ca 2ϩ influx in the absence of ACh, anesthetic inhibition of ACh-induced augmentation of influx was significantly greater (P Ͻ 0.05). For halothane and isoflurane, the effects at 1 MAC were significantly less than at 2 MAC, with halothane causing greater inhibition. For both halothane and isoflurane, the effect on ACh augmentation of Ca 2ϩ influx was significantly greater for the CPA protocol (P Ͻ 0.05). ] i regulatory mechanisms in ASM at both SR and 13, 17, 18 Only a few studies, including our own, have reported the existence of SOCC in ASM cells. 31, 41 Although the channels that represent SOCC have not been definitively identified, members of the tryptophan family have been implicated in several studies, and mammalian tryptophan genes have been identified. 15, 42 Some of these isoforms have been shown to be involved in SOCC. 15, 43 We have previously verified the expression of several tryptophan C isoforms in porcine ASM, 31 although other studies have reported tryptophan C expression in guinea pig ASM. 44 Therefore, it is possible that SOCC in porcine ASM is mediated via tryptophan C proteins.
Discussion
There are scarce data on anesthetic effects on SOCC (or capacitative Ca 2ϩ influx per some authors). Horibe et al. 45 found that propofol inhibits capacitative Ca 2ϩ entry in pulmonary artery smooth muscle. Tas et al. 46 found that in primary human endothelial cells, isoflurane inhibits histamine induced Ca 2ϩ influx via SOCC. However, this group also found that enflurane enhances Ca 2ϩ influx in rat glioma cells. 47 Pochet et al. 48 reported that trichloroethanol, the active metabolite of chloral hydrate, inhibits SOCC-mediated Ca 2ϩ influx in submandibular acinar cells. The current study is the first to report the effects of anesthetics on SOCC in airway smooth muscle.
Studies from several cell types have now shown that SOCC does not appear to be activated by changes in membrane potential, thus making this mechanism different from L-type Ca 2ϩ channels. 13 In accordance, in our previous study, we found that changes in membrane potential (induced by altering extracellular K ϩ concentration) did not affect SOCC-mediated Ca 2ϩ influx in ASM. 31 Furthermore, Ca 2ϩ influx after SR Ca 2ϩ depletion by CPA was found to be insensitive to nifedipine, confirming that L-type Ca 2ϩ channels do not mediate the observed influx. However, the existence of L-type Ca 2ϩ channels in ASM has already been established, 11, 49 as has the inhibitory effect of volatile anesthetics. 5, 6 Certainly, volatile anesthetic inhibition of L-type channels would also prevent SR repletion, and blunt the [Ca 2ϩ ] i response to ACh. Therefore, in the current study, we used nifedipine to block the confounding effect of this mechanism on the observed influx and volatile anesthetic effects. Addition of KCl to the extracellular medium also helped maintain membrane potential at a value where L-type Ca 2ϩ channels were unlikely to be activated. Consistent with our previous study, and with studies in other smooth muscle types, we found that SOCC is blocked by Ni 2, 52, 53 suggesting that in the presence of anesthetics, SOCC-mediated influx may be enhanced. However, as with inositol 1,4,5-trisphosphate receptor channels, the data from the current study (i.e., the caffeine protocol), demonstrates that volatile anesthetics overwhelm any potential enhancement of influx resulting from depletion of caffeine-sensitive Ca 2ϩ stores. In ASM, exposure to ACh appears to enhance SOCCmediated influx. However, it is not entirely clear whether agonist stimulation modulates SOCC because influx is confounded by the presence of mechanisms for Ca 2ϩ influx that are neither voltage-gated nor mediated by SOCC, i.e., G-protein coupled receptor-operated mechanisms. 41, 54, 55 Whether such a mechanism is involved in ASM is also not clear. 41 In our previous study, 31 we found that selective activation of the non-SOCC component by preventing SR Ca 2ϩ depletion resulted in significantly less enhancement of Ca 2ϩ influx by ACh compared with when SR depletion was present, suggesting the existence of both SOCC and noncapacitative Ca 2ϩ influx in ASM. Regardless, the data at least suggests that ACh does modulate SOCC in ASM.
Muscarinic modulation of SOCC has the potential for at least partial inhibition of anesthetic blockade of SOCC; however, it is possible that anesthetic effects on SOCC more likely help maintain bronchodilation, even during agonist stimulation. Furthermore, volatile anesthetics also inhibit muscarinic receptor activation. 56, 57 Accordingly, even in the presence of ACh, volatile anesthetics likely maintain their inhibition of SOCC.
Significance of SOCC and Volatile Anesthetic Effects
Increased [Ca 2ϩ ] i is key to force generation in ASM. SOCC-mediated Ca 2ϩ influx has been shown to produce ASM contraction. 25 Accordingly, anesthetic inhibition of SOCC has the potential to prevent SR Ca 2ϩ repletion and agonist-induced bronchoconstriction. Volatile anesthetics are known to affect other mechanisms that regulate both [Ca 2ϩ ] i (e.g., SR and voltage-gated Ca 2ϩ channels) and force (e.g., Ca 2ϩ sensitivity of force generation 58 ), albeit with different relative potencies (e.g., sevoflurane has a much smaller effect on influx, but is more potent than isoflurane in decreasing Ca 2ϩ sensitivity). Nonetheless, anesthetic inhibition of SOCC may significantly contribute to the overall bronchodilatory effect of these agents by decreasing overall [Ca 2ϩ ] i availability and thus help to maintain bronchodilation.
